Two experiments were conducted, under typical commercial swine production conditions, to determine effects of dietary arginine supplementation during early gestation on the performance of gilts and sows. In Exp. 1, between d 1 and 30 of gestation, 62 Landrace gilts and 113 sows consumed a corn-and soybean meal-based diet supplemented with 1.3% l-arginine HCl or 2.2% l-alanine. Total numbers of piglets born (P < 0.05) and born alive (P < 0.01) per litter and litter birth weights of piglets born (P < 0.05) and born alive (P < 0.05) were increased in the arginine group compared with the control. In Exp. 2, 155 multiparous Landrace sows received 1.3% l-arginine HCl supplementation between d 1 and 14 (T2; n = 41), d 15 and 30 (T3; n = 40), or d 1 and 30 (T4; n = 37), whereas the control group received 2.2% l-alanine supplementation between d 1 and 30 (T1; n = 37). Blood samples were randomly obtained from 6 sows per group on d 1, 14, and 28 of gestation to determine plasma concentrations of AA and related metabolites. Total numbers of piglets born (P = 0.084) and born alive (P = 0.080) per litter tended to be higher for sows supplemented with arginine between d 1 and 14 of gestation (T2) than for control sows (T1). Concentrations of arginine and nitric oxide metabolites were greater (P < 0.05) in T4 compared with T1 and T3 on d 14 of gestation and were also greater in T4 compared with T1 and T2 on d 28 of gestation. Plasma concentrations of spermidine (P < 0.001) were increased in T3 and T4 compared with T1 and T2 on d 28. These results indicate that dietary arginine supplementation during early gestation improves the reproductive performance of gilts and sows, possibly via nitric oxide and polyamine-dependent mechanisms.
INTRODUCTION
Litter size in mammals is a maternal trait that is affected by many complex factors, including ovulation rate and uterine capacity as well as embryonic and fetal survival (Distl, 2007) . In swine, embryonic and fetal loss is high (up to 50%) due to a suboptimal intrauterine environment and inadequate maternal nutrition . For both gilts and multiparous sows, embryo loss is the highest during the implantation period (Ford et al., 2002) .
Arginine is considered a conditionally essential AA for mammals including pigs protein . In gilts, dietary supplementation with 1% l-arginine between d 30 and 114 of gestation increased the number of piglets born alive and the litter birth weight of piglets by 22 and 24%, respectively (Mateo et al., 2007) . In swine, the first peak of embryonic death occurs between d 12 and 15 of gestation (the peri-implantation period), and most prenatal losses (>75%) occur during the first 25 or 30 d of gestation (Ford et al., 2002) . Improved embryonic survival has also been reported for gilts receiving dietary supplementation with 0.4 or 0.8% l-arginine between d 14 and 25 of gestation . Zeng et al. (2008) found that supplementing the diet of female rats with 1.3% l-arginine HCl (1.08% l-arginine) between d 1 and 7 (period of embryo implantation) of gestation increased litter size by 30%. In contrast, Li et al. (2010) found that dietary supplementation with 1% l-arginine HCl between d 0 and 25 of gestation reduce litter size in gilts. The timing of arginine supplementation may be critical for exerting beneficial effects on embryonic survival. The number of implanted embryos in multiparous sows is greater than that in gilts (Patterson et al., 2008) . Therefore, effects of arginine on improving embryonic survival may be greater in sows than in gilts. Therefore, the objective of this research was to evaluate effects of arginine supplementation to gilt and sow diets during early gestation on their reproductive performance and plasma concentrations of AA and related metabolites.
MATERIALS AND METHODS
The experimental protocols used in these 2 studies were approved by the China Agricultural University Animal Care and Use Committee (Beijing, China) . Both experiments were conducted under practical production conditions on the Ninghe Breeding Pig Farm (Tianjin, China).
General
Landrace gilts (Parity 1) and sows (Parity ≥ 2) were checked for estrus at 0800 h daily and those in estrus were bred 3 times (1000 and 1630 h on the day of estrus and 1000 h the next day) via AI with unfrozen semen obtained from Landrace boars. The date of the first insemination was designated as d 0 of gestation.
After mating, gilts and sows were moved from the breeding barn to the gestation barn and individually housed in gestation crates (2.13 by 0.61 m) located in a totally slatted, double-curtain-sided gestation facility. Sows and gilts were then moved into an environmentally controlled farrowing room (24-26°C) on d 107 of gestation and housed in farrowing crates (2.13 by 1.53 m) with a creep area (2.13 by 0.46 m) on either side of the sow. At birth, piglets were ear notched to allow them to be individually identified and the effects of arginine supplementation to be monitored.
The ingredient composition of the experimental diets is shown in Table 1 . l-Alanine was chosen for the isonitrogenous control diet because it is neither toxic nor a substrate for arginine synthesis and is extensively catabolized by swine Wu et al., 2004) . The basal diet provided 3.15 Mcal/kg of DE, 13.5% CP, 0.78% calcium, and 0.6% total phosphorus. The content of arginine in the basal diet was 0.85%, as analyzed in our laboratory (Dai et al., 2014a) .
All gilts and sows were fed twice daily with an equal amount of diet, at 0530 and 1530 h each day. They started to receive arginine supplementation at 1530 h on d 1 of gestation. The amounts of diets were 1.8 kg/d be- free access to drinking water and consumed all of the feed offered throughout the experiment.
Experiment 1
For Exp.1, immediately after breeding, 62 gilts with 125.40 ± 3.32 kg initial BW and 13.90 ± 0.24 mm back fat and 113 multiparous sows with an average parity of 4.12, 187.42 ± 3.69 kg initial BW, and 14.92 ± 0.17 mm back fat were randomly assigned to be fed a corn-soybean meal-based diet (Table 1) supplemented with either 1.3% l-arginine HCl or 2.2% l-alanine (isonitrogenous control; Ajinomoto, Tokyo, Japan) between d 1 and 30 of gestation and individually penned.
Experiment 2
For Exp. 2, 155 Landrace sows with an average parity of 5.15 (the range of the parity is 2 to 7), 196.04 ± 3.92 kg initial BW, and 14.91 ± 0.19 mm back fat were randomly assigned to 1 of 4 treatments: the basal diet supplemented with 2.2% l-alanine supplementation between d 1 and 30 (T1), the basal diet with 1.3% l-arginine HCl supplementation between d 1 and 14 (T2), the basal diet with 1.3% l-arginine HCl supplementation between d 15 and 30 (T3), and the basal diet with 1.3% l-arginine HCl supplementation between d 1 and 30 (T4).
On d 1 (before the feeding of experimental diets), 14, and 28 of gestation, 24 sows with an average parity of 2.54 (sows were chosen only from those in their second and third parity), with 170.35 ± 6.65 kg initial BW and 15.08 ± 0.31 mm back fat, were bled. Blood samples (6 animals/treatment) were collected from sows at 0800 h via the superior vena cava into heparinized tubes (Becton Dickinson Vacutainer Systems, Rutherford, NJ). The blood samples were centrifuged at 3,500 × g for 10 min at 4°C (Ciji 800 Model Centrifuge; Surgical Instrument Factory, Changzhou, China) and the plasma was stored at -20°C until analysis.
Measurement of Reproductive Performance
Back fat thickness and BW of sows were measured on d 1 and 107 of gestation. Back fat thickness was measured by ultrasound (Aquila Vet; Pie Medical Equipment, Maastricht, the Netherlands) at the P2 position (left side of the 10th rib and 6 cm away from the spine). The total number of piglets born, numbers of piglets born alive or dead, and their individual BW were recorded at birth.
Chemical Analysis
Samples of the diets were analyzed for DM (Method 934.01), CP (Method 954.01), calcium (Method 927.02) and total phosphorus (Method 965.17) using AOAC International (AOAC, 2000) procedures.. Amino acids, except methionine, were analyzed using ion-exchange chromatography with an Automatic Amino Acid Analyzer (L-8800; Hitachi High-Technologies, Tokyo, Japan) after hydrolysis with 6 M HCl at 110°C for 24 h (Dai et al., 2014a) . Methionine was determined after oxidation with performic acid and subsequent hydrolysis with 6 M HCl (AOAC, 2000) .
Nitric oxide metabolites (nitrate plus nitrite), urea, and ammonia in plasma were determined using assay kits obtained from Jiancheng Biochemistry (Nanjing, China). The concentrations of vascular endothelial growth factor were analyzed using ELISA kits (Huijia Biological Technology Company, Xiamen, China) designed for pigs, according to the manufacturers' protocol. All samples were measured in duplicate and the mean values were used for statistical analysis. Concentrations of electrolytes (calcium, copper, potassium, magnesium, sodium, and zinc) were determined using a 7500 inductively coupled plasmamass spectrophotometer (Agilent Technologies, Santa Clara, CA). Free AA in plasma were analyzed using an S-433D Amino Acid Analyzer (Sykam, Munich, Germany), as previously described (Wang et al., 2007) . Polyamine concentrations in plasma were determined as described by Dai et al. (2014b) .
Statistical Analysis
Data from Exp. 1 (e.g., numbers of piglets born per litter and born alive per litter) were analyzed by using the GLM procedure (PROC GLM; SAS Inst. Inc., Cary, NC), with each individual gilt or sow as an experimental unit. The data were analyzed as a 2 × 2 factorial design with such terms as treatment (control diet or arginine-supplemented diet), parity (gilts or sows), and their interaction.
Data on reproductive performance and plasma polyamine concentrations in Exp. 2 were analyzed by using the GLM procedure. Differences among treatment means were evaluated by the Student-Newman-Keul's multiple range test (Fu et al., 2010) . Data on plasma metabolites (e.g., concentrations of nitric oxide metabolites) were analyzed by using the linear mixed models procedure (PROC MIXED; SAS Inst. Inc.) that accounted for the covariance structure due to repeated measures. The original model included the effects of treatment and sampling date as well as interactions of treatment and sampling date. Covariance structure (first order autoregressive) was used for each analysis, which provided the best fit for these analyses according to the Akaike's information criterion (Littell et al., 1998) . All means presented are least squares means, and differences among treatment means were evaluated at each time using the PDIFF option of SAS. Differences were declared significant when P < 0.05, while 0.05 < P < 0.10 was considered indicative of a trend.
RESULTS

Reproductive Performance of Gilts and Sows
The effects of arginine supplementation between d 1 and 30 of gestation on the reproductive performance of sows and gilts in Exp. 1 are shown in Table 2 . There was no difference in BW or back fat thickness during gestation between the arginine and control groups, but values for these parameters were greater in sows at d 1 (P < 0.01) and 107 (P < 0.01) of gestation compared with gilts. The total number of piglets born per litter (P < 0.05), number of piglets born alive per litter (P < 0.01), and the litter birth weight of all piglets born (P < 0.05) and born alive (P < 0.05) were greater in the arginine group than in the control group. The total number of piglets born per litter (P < 0.01), number of piglets born alive per litter (P < 0.01), and the litter birth weight of all piglets born (P < 0.01) and born alive (P < 0.01) were increased in sows compared with gilts. However, there was no interaction between treatment and parity. The litter birth weight of all piglets born and the litter birth weight of all piglets born alive were greater in the arginine group compared with the control group (P < 0.05).
The effects of arginine supplementation from d 1 to 14 (T2), d 15 to 30 (T3), and d 1 to 30 (T4) on the reproductive performance of sows in Exp. 2 are summarized in Table 3 . There was no significant difference in sow BW or back fat thickness during gestation or in the average birth weight of piglets among the treatment groups. Total numbers of piglets born (P < 0.10) and born alive (P < 0.10) per litter tended to be higher for sows supplemented with arginine between d 1 and 14 of gestation (T2) than control sows (T1).
Plasma Concentrations of AA (Experiment 2)
Plasma concentrations of all AA did not differ among sows fed the different diets at the initial stage of the study (d 1 of gestation; Table 4 ). On d 14 of gestation, plasma concentrations of arginine (P < 0.05) and citrulline (P < 0.05) were increased in T2 compared with T1 and ornithine (P < 0.05) was increased in T2 and T4 compared with T1 and T3 whereas the concentrations of alanine (P < 0.05) were decreased in T4 compared with T1 and T3. On d 28 of gestation, plasma concentrations of arginine (P < 0.05) and ornithine (P < 0.05) were increased in T3 and T4 compared with T1 and T2 and the concentration of proline (P < 0.05) was increased in T4 compared with T1 and T2 whereas the concentration of alanine (P < 0.05) was decreased in T3 compared with T1 and T2. The effects of arginine on the concentrations of nitric oxide metabolites, urea, ammonia, and vascular endothelial growth factor in sow plasma were observed in Fig. 1 . No difference in these variables was observed for all the experimental groups on d 1. On d 14 of gestation, the concentrations of nitric oxide metabolites were greater (P < 0.05) in T2 and T4 compared with T1 and T3. The concentrations of urea and ammonia were lower (P < 0.05) in T4 compared with T1 and T3. On d 28 of gestation, the concentration of nitric oxide metabolites was greater (P < 0.05) in T3 and T4 compared with T1 and T2. The concentration of ammonia was lower (P < 0.05) in T3 and T4 compared with T1 and T2, whereas the concentration of vascular endothelial growth factor was greater (P < 0.05) in T4 compared with T2.
Plasma Concentrations of Polyamines (Experiment 2)
On d 28, the plasma concentration of spermidine was higher (P < 0.001) in T3 and T4 compared with T1 and T2 and the concentration of putrescine was higher (P < 0.05) in T3 compared with T1 (Table 5) .
Plasma Concentrations of Calcium, Copper, Potassium, Magnesium, Sodium, and Zinc (Experiment 2)
No differences were observed in the plasma concentrations of calcium, copper, potassium, or sodium among all the experimental groups of sows. However, the concentration of magnesium was decreased (P < 0.05) in T4 compared with T1 on d 14 (Table 6 ). An increase in zinc (P < 0.05) was observed in T3 when compared with T1 and T4 on d 28.
DISCUSSION
Because of unfavorable intrauterine conditions during gestation, embryonic and fetal losses represent a significant obstacle to maximizing the reproductive efficiency of gilts and sows (Vonnahme et al., 2001; Wu et al., 2006) . Maternal nutrition is a major factor that affects the survival, growth, and development of embryos and fetuses through modulation of the intrauterine environment and endocrine status (Wu et al., 2006) . Therefore, providing the pregnant dam with proper nutrition, including adequate amounts of AA, is vital for the growing fetus (Snoeck et al., 1990; Hoet and Hanson, 1999) .
Dietary supplementation with 1.0% l-arginine HCl (0.83% l-arginine) between d 30 and 114 of gestation has been reported to increase the number of live-born piglets per litter by 2 (Mateo et al., 2007) . For sows, the first peak of embryonic death occurs between d 12 and 15 of gestation (the peri-implantation period), and fetal death also occurs after d 30 of gestation, with most prenatal losses (>75%) occurring during the first 25 to 30 d of gestation (Ford et al., 2002) . Therefore, dietary l-arginine supplementation during early pregnancy may have greater effects on reproductive performance than supplementation during later gestation Wu, 2014) . For this reason, the present study involved arginine supplementation between d 1 and 30 of gestation. Of note, the experimental design of the present study differs from that of Li et al. (2010) , who found that the number of live fetuses was decreased by sup- the day for initiation of arginine supplementation (d 1 vs. 0), in that arginine supplementation was started immediately after breeding in the study of Li et al. (2010) but after the third insemination (i.e., d 1) in the present study; and 3) the frequency of feeding (twice vs. once daily), the basal diet (the presence vs. the absence of wheat bran), management (practical production farm vs. research facilities), and the level of arginine supplementation (1.3% arginine HCl in the present study vs. 0.4 and 0.8% arginine in the study of Li et al. [2010] ). Pregnant sows tolerated a large amount of supplemental arginine (0.21 g/kg BW per day) administered via enteral diets without the appearance of any adverse effect . For sows with a higher parity, the number of implanted embryos is greater than that in sows with a lower parity (Patterson et al., 2008) . Therefore, arginine may exert a greater beneficial effect in sows than in gilts. Results of the present work indicate that the effect of arginine on embryonic and fetal survival did not differ between gilts and multiparous sows.
Follicular development and discharge of mature oocytes with the formation of corpus lutea in the ovary depend on cell signaling via mitogen-activated protein kinases 3 and 1 (Duggavathi and Murphy, 2009 ) and liver receptor homolog 1 (Lrh 1), which is essential for ovulation through the expression of the NOS3 gene (Duggavathi et al., 2008) . Li et al. (2010) suggested that the increased production of nitric oxide through arginine supplementation on d 0 of gestation may impair the expression of extracellular-regulated protein kinases 1 and 2 signaling and Lrh 1 function in the ovary, resulting in the reduced number of follicles that ovulate and, therefore, the reduced number of corpus lutea for progesterone synthesis. This problem can be avoided when dietary supplementation of arginine in initiated on d 1 of gestation. a,b Means within a row followed by same or no letter do not differ (P < 0.05).
1 n = 6/group. The most rapid period of blastocyst elongation is between d 10 and 12, when changes from the spherical (3 to 10 mm diameter) to tubular (10 to 50 mm long) to the filamentous (>100 mm long) form occur within 3 to 4 h (Geisert et al., 1982; Geisert and Yelich, 1996) . Thereafter, the conceptuses begin to attach to the uterine wall and attachment is completed by approximately d 18 of gestation Li et al., 2010) . The Na + -independent AA transporter super family for the uptake of arginine by cells is highly expressed during the 1-to 2-cell, 8-cell, and blastocyst stages of implantation in the embryo (Van Winkle, 2001 ). The results of the present work indicate that supplementing arginine from d 1 to 30 of gestation increased the litter size of Landrace sows, with the greatest improvement for sows that received arginine supplementation from d 1 to 14. Therefore, there may be a highly effective transport system for transferring arginine from the maternal system to the conceptus during d 1 to 14 of gestation. The receptivity of the uterus to arginine and its metabolites may be greater during wk 1 to 2 than during wk 3 to 4 of gestation.
For older multiparous sows, the number of implanted embryos appears to exceed uterine capacity compared with sows with lower parities (Patterson et al., 2008) . In our study, the increase in the number of live-born piglets per litter in response of arginine supplementation was similar between sows and gilts, and no interaction between arginine and parity was detected. Previous studies have shown that enhancement of placental growth and function through improving AA nutrition is an effective way to enhance embryonic and fetal survival . The functional capacity of placentae for provision of nutrients and the exchange of gases is vital to fetal survival, growth, and development (Bazer et al., 2008) . With enhanced placental angiogenesis and growth , arginine supplementation increased the number of piglets born alive without affecting their average birth weight compared with the control group. Higher fetal growth rates that affect birth weight require increased provision of not only arginine but other AA to support the metabolic requirements of both the sow and its fetuses (Kim et al., 2005; Wu et al., 2014) .
Emerging evidence shows that sufficient arginine is essential to optimize the survival, growth, and development of the conceptus (Wang et al., 2014a,b) . Arginine has been shown to activate the mammalian target of rapamycin signaling pathway in placental cells to stimulate protein synthesis (Kong et al., 2012; Kim et al., 2013) . Therefore, dietary supplementation with arginine increased placental growth in gestating gilts and sows (Gao et al., 2012) . The mechanisms responsible for the effect of arginine may involve the increased synthesis of nitric oxide . Consistent with this notion, we found that dietary arginine supplementation increased systemic production of nitric oxide, as indicated by the elevation of its stable end products (nitrate plus nitrite) in the plasma (Fig. 1) . Accordingly, the numbers of piglets born per litter or born alive per litter tended to be greater (P < 0.10) in sows supplemented with arginine between d 1 and 14 of gestation compared with the control group (Table 3) . We suggest that that nitric oxide is an important factor for regulating embryonic and fetal survival. In support of this view, Gouge et al. (1998) found that inhibition of nitric oxide synthesis during the period of cell-2 to blastula transition delayed the development of rat embryos. Furthermore, recent evidence has shown that nitric oxide is an important regulatory agent in various female reproductive processes, including ovulation, implantation, pregnancy maintenance, labor, and delivery (Rosselli, 1997; Dixit and Parvizi, 2001; Wu et al., 2012) . In addition, animal studies have clearly indicated that nitric oxide synthesis is upregulated in the myometrium and placenta during pregnancy, thereby contributing to uterine quiescence and controlling utero-feto-placental blood flow (Izumi et al., 1993; Liao et al., 1997) to increase the transport of nutrients from the dam to the fetus. A localized increase in endometrial vascular permeability seems to be one of the first signs of impending implantation in all mammals studied (Rogers, 1996) .
Besides nitric oxide, arginine is the precursor for the synthesis of polyamines, which possess a plethora of physiological functions (Wu and Morris, 1998; Wu et al., 2013) . Polyamines are produced from ornithine and proline in the uterus and placenta (Kwon et al., 2003; Wu et al., 2005) to support cell proliferation and differentiation via stimulating the mammalian target of rapamycin signaling pathway (Kong et al., 2014) . The activity of arginase is absent from the porcine placenta . Therefore, the arginase pathway for the conversion of arginine to ornithine and proline in other maternal tissues and subsequent catabolism of proline to form ornithine plays an important role in placental synthesis of polyamines (Wu et al., 2006) . Wu et al. (1996) discovered an unusually high abundance of the arginine family of AA in porcine allantoic fluid (a reservoir of nutrients) during early gestation when placental growth is most rapid. In gestating sows, an increase in plasma concentrations of arginine and ornithine may enhance the synthesis of polyamines and possibly collagen in the placenta and fetus (Wu et al., 1999) . In support of this view, higher concentrations of spermidine and putrescine in plasma were observed on d 28 of gestation in sows receiving arginine supplementation between d 15 and 30 and also between d 1 and 30 of gestation (Table 5 ).
The concentrations of urea and ammonia in plasma were reduced in the sows that received dietary supplementation with arginine between d 1 and 30 of gestation. This is of physiological importance because the embryo is very sensitive to elevated levels of ammonia . Woerman and Speer (1976) measured the concentration of plasma urea nitrogen to estimate the AA requirements of sows. Oxidation of AA in animals results in the production of ammonia and urea (Coma et al., 1995) . Therefore, the decreasing concentration of urea may reflect an increased efficiency of the utilization of AA for protein synthesis when the sow's diet was supplemented with arginine. A previous study found that mouse zygote development can be regulated by ammonia, whereas high levels of ammonia were toxic to mouse embryos in vitro (Gardner and Lane, 1993) . The concentration of α-ketoglutarate could be decreased by ammonia because of its conversion to glutamate, resulting in a reduced flux through the tricarboxylic acid cycle (Hou et al., 2011) . In addition, ammonia can activate the enzyme phosphofructokinase (Sugden and Newsholme, 1975) to increase glycolytic activity and augment pH in the local environment (Seshagiri and Bavister, 1991) . Therefore, a lowered concentration of extracellular ammonia may contribute to the beneficial effect of arginine supplementation on pregnancy performance in mammals. This view was supported by our finding that the number of piglets born alive per litter tended to be greater in sows receiving dietary arginine supplementation between d 1 and 14 of gestation compared with the control group.
The findings from the present study support the notion that arginine plays a crucial role in nutrition and physiology of pregnant sows. The underlying mechanisms whereby arginine exerts its beneficial effect may include an increase in the bioavailability of nitric oxide and polyamines in the conceptus for promoting placental angiogenesis and growth as well as a decrease in plasma concentration of ammonia. Further research is warranted to address this important issue. Likewise, sample sizes should be taken into consideration in future investigations to draw definite conclusions. For example, in Exp. 2, our inability to detect differences between treatment groups fed the arginine supplement on d 15 through 30 of gestation or throughout the whole of the first 30 d after mating may be due to an inadequate number of sows or gilts used in the study. A large-scale study is needed to enhance the power of statistical analysis.
The results of the present study, conducted under typical commercial swine production conditions on a large swine farm, unequivocally indicate that dietary arginine supplementation from d 1 to 30 of gestation enhanced the reproductive performance of gilts and sows by increasing the number of piglets born alive and live litter birth weight.
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